The ketogenic diet (KD) is an effective alternative treatment for refractory epilepsy in children, but the mechanisms by which it reduces seizures are poorly understood. To investigate how the KD modifies brain metabolism, we infused control (CT) and 7-day KD rats with either [1-13 C]glucose (Glc) or [2,4-13 C 2 ]β-hydroxybutyrate (β-HB). Specific enrichments of amino acids (AAs) measured by 1 H-and 13 C-NMR in total brain perchloric acid extracts were similar between CT and KD rats after [1-13 C]Glc infusion whereas they were higher in KD rats after [2,4-13 C 2 ]β-HB infusion. This suggests better metabolic efficiency of ketone body utilization on the KD. The relative rapid metabolic adaptation to the KD included (1) 11%-higher brain γ-amino butyric acid (GABA)/glutamate (Glu) ratio versus CT, (2) liver accumulation of the ketogenic branched-chain AAs (BCAAs) leucine (Leu) and isoleucine (ILeu), which were never detected in CT, and (3) higher brain Leu and ILeu contents. Since Glu and GABA are excitatory and inhibitory neurotransmitters, respectively, higher brain GABA/Glu ratio could contribute to the mechanism by which the KD reduces seizures in epilepsy. Increased BCAA on the KD may also contribute to better seizure control.
INTRODUCTION
Glucose (Glc) normally supplies almost all the energy required by the adult brain. When blood Glc decreases over a period of more than a few hours, ketone bodies (KB; β-hydroxybutyrate (β-HB), acetoacetate (AcetoAc), and acetone) start to replace Glc and become the main brain energy substrate during prolonged fasting or starvation. 1 Under conditions of Glc deficit, low plasma insulin increases lipolysis from adipose tissue and fatty acid β-oxidation, raising the amount of acetyl-CoA (Ac-CoA) in liver mitochondria thereby stimulating ketogenesis. 2 Ketone bodies are physiologically important for the brain in the neonatal period, during which they are not only an essential energy substrate for brain development, but are also a key substrate for brain lipid and amino-acid synthesis. 3 They are transported into the brain by monocarboxylic acid transporters in endothelial cells of the blood-brain barrier. 4 Brain KB uptake is regulated by both plasma KB and monocarboxylic acid transporter expression level. 5 Fasting increases plasma KB, but another way to increase and sustain plasma KB and monocarboxylic acid transporter expression at the blood-brain barrier is to follow a very high fat, low carbohydrate, and low protein 'ketogenic' diet (KD). It was observed almost a century ago that fasting was able to reduce, or even treat, epileptic seizures. 6 Fasting is still currently used as an initial step preceding the KD and leads to more rapid seizure reduction in children 7 and young adults. 8 It is of interest to know the impact of the KD on brain fuel utilization. Some studies report that the KD decreases brain Glc uptake 9, 10 while others have shown that it increases brain Glc transporter expression 11 or 18 F-fluorodeoxyglucose uptake using positron emission tomography. 5, 12 The primary aim of the present study was to investigate the short-term effects of the KD on brain metabolism, using mainly 13 C-NMR spectroscopy, a technique that allows the study of metabolic pathways by following the fate of 13 C-labeled substrates. A secondary aim was to evaluate the impact of the KD on liver metabolites, to have an integrative metabolic view. Results on liver branched-chain amino acids (AAs) (BCAAs) were relevant to interpret the effects of the KD in the brain.
MATERIALS AND METHODS Animals
Male Sprague-Dawley rats weighting 160 g (4 weeks old, corresponding to puberty) were purchased from Janvier Labs (Le Genest Saint Isle, France) and housed in a room with controlled temperature (21 to 23°C) and a 12/12 hour normal light/dark cycle (lights on at 08:00 am). The rats were acclimatized for 6 days and then fed a control diet (CT; reference 101091, Safe, Augy, France; n = 12 rats) or a high fat KD (KD; reference 180478; n = 12 rats) for 7 days. Diet composition was as previously described. 5 The ratio of fat/protein+carbohydrate (weight/weight) was 3.5/1.0 for the KD and 1.0/12.5 for the CT. The 3.5/1.0 ratio for the KD was close to the most common ratio used clinically to treat refractory epilepsy in children. 7 Seven days on a high fat KD is sufficient to induce mild ketosis in rats (plasma ketoneso1 mmol/L). 13 The KD group was fasted for 48 hours before starting the KD to deplete hepatic glycogen stores and favor ketogenesis, as recommended during clinical use of the KD. 7, 14 Body weight and food intake were monitored every day at 09:00 am. Tail vein whole blood β-HB was measured every other day using test strips and a hand-held device (Precision Xtra, Abbott Laboratories, Alameda, CA, USA). At the end of the 7-day feeding period, the CT and KD groups were each separated into two subgroups for the substrate infusion: [1-13 C]Glc or [2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]β-HB (n = 6/subgroup). The experimental protocol was approved by the Institutional Animal Research Ethics Review Board and met the guidelines of the French governmental agency (In accordance with ARRIVE: personal authorization no. 3310003, project authorization no. 5012029-A delivered from the ethical committee C2EA 50, http://cache. media.enseignementsup-recherche.gouv.fr/file/utilisation_des_animaux_ fins_scientifiques/22/1/comiteethiqueea17_juin2013_257221.pdf).
C-Substrate Infusion
At the end of the 7-day feeding period, the rats were anesthetized with an intraperitoneal injection of chloral hydrate (8%, 0.5 mL/100 g body weight). [1-13 C]Glc (D-glucose) or [2,4-13 C 2 ]β-HB (sodium D-3-hydroxybutyrate) (Cambridge Isotope Laboratories, Andover, MA, USA) was then infused into the tail vein over a total period of 60 minutes. The [1-13 C]Glc infusion followed our previous 20 steps, time-decreasing exponential rate protocol, going from 15 to 1.23 mL/h during the first 25 minutes, after which the rate was kept unchanged for the last 35 minutes. 15 Total Glc administered was 2.19 mmol/h per 200 g body weight. [2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]β-HB was infused according to a three-step protocol: 9 (1) 0 to 5 minutes at 80 μL/min per 200 g body weight, (2) 5 to 10 minutes at 40 μL/min per 200 g body weight, and (3) 10 to 60 minutes at 16 μL/min per 200 g body weight. Total β-HB infused was 2.1 mmol/h per 200 g body weight (stock solution concentration = 1.5 mol/L). These infusion protocols aimed to attain constant 13 C-substrate concentrations in the blood as demonstrated previously. 9, 15 At the end of the 60-minute infusion period and while the rats were still anesthetized, the abdomen was immediately opened sufficiently to collect 2 mL of blood from the inferior vena cava into heparinized syringes. Blood samples were centrifuged (1,500 g; 10 minutes) within 15 minutes and plasma was kept at − 80°C until analyzed. Immediately after blood sampling, rats were rapidly euthanized by focused brain microwaves (5 KW, 1 second; Sacron 8000, Sairem, Neyron, France), which completely prevents postmortem metabolic changes in the brain. 16 The dome of the skull was cut open with a microcircular saw and the brain rapidly removed and plunged into liquid nitrogen. Brains were kept at − 80°C until the metabolites were extracted. The liver was also removed, freeze-clamped in liquid nitrogen and kept at − 80°C until the NMR analysis.
Blood gazes and pH were controlled during the 1-hour anesthesia on a separate group of four animals (i-STAT, Abbott Laboratories, using EG7 + cartridges). Partial oxygen pressure (pO 2 ), partial dioxide carbon pressure (pCO 2 ), and pH were similar at the beginning and the end of the infusion, when the brain and the liver were removed (t = 0: pO 2 = 5.5 ± 0.01 kPa, pCO 2 = 5.8 ± 0.01 kPa and pH = 7.34 ± 0.03; t = 1 hour: pO 2 = 5.6 ± 0.01 kPa, pCO 2 = 5.9 ± 0.01 kPa and pH = 7.32 ± 0.02). Body temperature was monitored and maintained at 37°C during the infusions. Respiratory rate was also monitored (Small animal monitoring & gating system model 1025, SAII, Stony Brook, NY, USA).
Brain Perchloric Acid Extracts
Water-soluble metabolites of the whole brain were extracted into perchloric acid as previously described 15 with the following modifications: after homogenization, the suspension was centrifuged at 3,000 g for 10 minutes. The supernatant was neutralized with KOH, and centrifuged to eliminate perchlorate salts. Samples were then lyophilized. Before NMR spectroscopy, lyophilysates were dissolved in 50 μL of D 2 O and ethylene glycol (1 mmol/L in D 2 O; 2 μL) was added as an external reference.
High Resolution Magic Angle Spinning NMR Spectroscopy
High resolution magic angle spinning NMR spectroscopy was performed on an 11.7-Tesla spectrometer (DPX 500 MHz; Bruker Biospin, Wissembourg, France). For brain, 50 μL of each perchloric acid extract containing 2 μL of ethylene glycol (1 mmol/L in D 2 O) was analyzed. For liver, around 20 mg of unextracted whole tissue was weighed and directly placed in the high resolution magic angle spinning rotor in the presence of 20 μL of fumarate (disodium salt, 50 mmol/L in D 2 O), which was added as an external reference. 17 1 H-NMR spectra were acquired with a 90°pulse angle (adjusted for each sample), relaxation time of 8 seconds, spectrum width of 10 parts per million (p.p.m.), acquisition time of 3.28 seconds, 128 scans, and 32 K memory size. The water signal was suppressed by homonuclear presaturation. The specific enrichment (% 13 C) of glucose carbon 1 (Glc C1 SEnr) was determined from the ratio of the integral of the Glc satellite peaks resulting from heteronuclear spin coupling to the sum of the integrals of satellite and central peaks. Brain content of γ-amino butyric acid (GABA) relative to Glu and of glutamine (Gln) relative to N-acetylaspartate was measured. Brain and liver content of the two BCAA isoleucine (ILeu) and leucine (Leu) was also determined because they can be metabolized into ketogenic acids. In this study relative to the mechanistic effects of a KD, it was appropriate to evaluate their content, not only in the brain (relative to ethylene glycol) but also in the liver (relative to fumarate). 1 H-decoupled 13 C-NMR spectra were acquired with a 90°pulse angle, relaxation time of 20 seconds, 200 p.p.m. spectrum width, 1.31 seconds acquisition time,~5,500 scans, and 64 K memory size. Relative enrichment of Glu C2/C3, Gln C2/C3, and Glu C4/Gln C4 was measured from these spectra. 1 H-observed/ 13 C-edited NMR spectra were acquired as previously described. 15 The method included a first scan consisting of a standard spin-echo acquisition in which 1 H coupled to all carbons ( 12 C and 13 C) was visible, and a second scan corresponding to a 13 C inversion pulse, in which only 1 H coupled to 13 C was visible. Brain metabolite 13 C enrichments were determined from the ratio of the integral of a resonance on the edited 13 C-1 H spectrum to its integral in the standard spin-echo spectrum. 15 Peaks were integrated using GSim software (open source: http:// sourceforge.net/projects/gsim/files/latest/download). For liver NMR analysis, a Carr-Purcell-Meiboom-Gill sequence was applied to eliminate the macromolecule contribution to the baseline. The sequence parameters were as previously described. 17 
Plasma Metabolites
Plasma samples were analyzed using a clinical chemistry analyzer (Olympus AU2700, BCO, Villepinte, France) with kits for Glc (BC OSR6221, Beckman Coulter, Brea, CA, USA), β-HB (Ranbut, Randox Laboratories, Crumlin, UK), lactate (Lac) (BC OSR6193), free fatty acids (FFA; FA115, Randox Laboratories), and triglycerides (BC OSR6118). Insulin levels were assessed by ELISA (Diasorin, Antony, France). These assays were performed in the medical laboratories of Bordeaux Hospital.
Statistical Analysis
Statistical analyses were performed using Prism 6 (GraphPad, La Jolla, CA, USA). Comparisons between the CT and KD groups and between the [1-13 C]Glc and [2,4-13 C 2 ]β-HB groups were performed using the Mann-Whitney test. Correlations were established by Spearman's test. Two-tailed Po0.05 was considered as statistically significant.
RESULTS

Weight Gain, Food Intake, and Plasma Measurements
As expected, the initial fasting step used to deplete hepatic glycogen stores and favor ketogenesis led to a transitory decrease in body weight in the KD group ( Figure 1A ). However, immediately after the reintroduction of food in KD group, the slopes of the growth curves were similar between CT and KD rats (7.2 and 6.9 g/ day; respectively). In the KD group, blood β-HB reached a mean value of 3.2 mmol/L after 48 h fasting and decreased thereafter tõ 1 mmol/L during the KD ( Figure 1B ). In CT rats, blood β-HB was consistently around 0.3 mmol/L. Just before labeled substrate infusion, KD rats had fourfold higher blood β-HB than CT rats (0.8 and 0.2 mmol/L; respectively).
At the end of the 1-hour [1-13 C]Glc infusion, the KD rats had 84% higher plasma Glc compared with the CT rats (Table 1 ). After the [2,4-13 C 2 ]β-HB infusion, there was no statistical difference in plasma β-HB between CT and KD rats. The KD rats had lower plasma insulin compared with CT rats (Table 1) ; this difference was partially masked by the [1-13 C]Glc infusion, inducing insulin secretion. Plasma Lac and FFA were not statistically different between the four groups ( Table 1) . 13 
C-Specific Enrichment in Brain Metabolites
The incorporation and the fate of 13 C during the first turn of the tricarboxylic acid (TCA) cycle after infusion of [1-13 C]Glc or [2,4-13 C 2 ]β-HB are illustrated in Figure 2 . The 13 C SEnr, i.e., the % of 13 C from the infused substrates incorporated into a carbon position in a given metabolite, was measured for Glc C1, GABA C2, C3 of lactate, alanine, and aspartate (Lac C3, Ala C3, and Asp C3, respectively), and β-HB C4, Glu C4, and Gln C4 ( Table 2) .
After [1-13 C]Glc infusion, Glc C1 SEnr was significantly higher in KD compared with CT rats and was positively correlated with glycaemia, in both groups (r = 0.87). Lac C3 SEnr was also higher in KD compared with CT rats, whereas the SEnr of brain Ala, Glu, Gln, or Asp did not differ statistically between the two groups ( Table 2) .
After [2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]β-HB infusion, SEnr of all measured metabolites (except for the substrate, β-HB C4) was higher in KD compared with CT rats ( Table 2) : Lac C3 (+31%), Ala C3 (+26%), Glu C4 (+52%), Gln C4 (+54%), GABA C2 (+57%), and Asp C3 (+30%). Incorporation of 13 C into C4 of AcetoAc (30.4 p.p.m.) did not differ between CT and KD groups.
In CT rats and compared with [2,4-13 C 2 ]β-HB infusion, [1-13 C]Glc infusion led to significantly higher 13 C SEnr in all brain metabolites except for Gln C4 ( Table 2 , keeping in mind the isotopic dilution between [1-13 C]Glc, containing one 13 C and [2,4-13 C 2 ]β-HB, containing two 13 C). In KD rats infused with [1-13 C]Glc, only Asp C3 SEnr was significantly higher (+40%) compared with KD rats infused with [2,4-13 C 2 ]β-HB. In KD rats, Lac C3 and Ala C3 SEnr were sevenfold to eightfold higher after [1-13 C]Glc infusion versus [2,4-13 C 2 ]β-HB infusion, reflecting the different metabolic entry points into the TCA cycle between [1-13 C]Glc, which leads 13 C labeling at C3 of pyruvate, versus [2,4-13 C 2 ]β-HB, which bypasses pyruvate and labels C2 of Ac-CoA.
Brain γ-Amino Butyric Acid, Glutamate, and Glutamine Content The GABA/Glu ratio was 11% higher in KD rats compared with CT rats (0.21 ± 0.03 versus 0.19 ± 0.02, respectively, P o 0.05), without any influence of the infused substrate. On the contrary, Gln/Nacetylaspartate ratio was dependent on the infused substrate. After [1-13 C]Glc infusion, this ratio was 0.81 ± 0.08 and 0.80 ± 0.08 in CT and KD rats, respectively, whereas after [2,4-13 C 2 ]β-HB infusion, it was twofold higher in KD than in CT rats (1.39 ± 0.17 versus 0.70 ± 0.07, respectively).
Brain Glutamate and Glutamine C2, C3, and C4 Relative Enrichments 13 C incorporation from the two 13 C-labeled substrates into different carbons of Glu and Gln was measured from 13 C spectra (Figure 3 ). For both substrates, there was no difference in Glu or Gln labeling linked to the CT diet or KD, so the two dietary groups were combined for statistical analysis (Table 3) . After [1-13 C]Glc infusion, the Gln C2/C3 ratio was 32% higher than Glu C2/C3 ratio (1.21 versus 0.92, respectively). A Gln C2/C3 ratio of 41 reflects pyruvate carboxylase (PC; EC 6.4.1.1) activity, which is present only in astrocytes and which leads to higher 13 C incorporation in C2 compared with C3 of Gln. 18 Higher incorporation of 13 Branched-Chain Amino Acids In 1 H-NMR spectra of brain extracts, Leu and ILeu were 44% higher in KD rats compared with CT rats (ratio relative to external reference: 0.108 ± 0.015 versus 0.075 ± 0.009, respectively), a difference that was independent of the nature of the substrate infused. Liver 1 H-NMR spectra systematically revealed a peak representing free Leu and ILeu in KD rats (0.92 p.p.m.) that was never present in CT rats ( Figure 4 ). As in the brain, the presence of these ketogenic BCAA in liver was independent of the substrate infused, pointing once again to a specific effect of the KD.
DISCUSSION
We determined that a 7-day KD was sufficient to observe modification of both brain and liver metabolism. In rats on the KD, the main results were (1) a better efficiency of brain KB utilization, (2) a 11% increase in GABA/Glu ratio, and (3) liver accumulation of Leu and ILeu. Our results suggest that in rats on the KD, the liver is contributing not only FFA but also BCAA toward ketogenesis and altered brain intermediary metabolism.
Brain Glucose Metabolism
After [1-13 C]Glc infusion, the 16% higher 13 C SEnr at brain Glc C1 in the KD rats (Table 2 ) confirms a previous report 19 and could potentially be explained by higher brain Glc uptake in the KD group. This would agree with our previous positron emission tomography studies in which brain 18 F-fluorodeoxyglucose uptake was significantly higher in KD rats. 5, 12 Higher brain Glc uptake on the KD could potentially be due to overexpression of Glc transporter 1 (GLUT1). 11, 20 In the present study, the rats were on the KD for 7 days, which is sufficient to upregulate GLUT1; 21 indeed, this upregulation is rapid and can be observed as soon as 18 hours after intense exercise. 22 If GLUT1 expression increases on the KD, then one might question whether increased glycemia achieved during our [1-13 C]Glc infusion (1 hour) might be sufficient to modify brain GLUT1 expression. It has been shown that, even though hyperglycemia (2 weeks, glycemia 420 mmol/L), GLUT1 expression was not affected. 4 On the contrary, cerebral GLUT1 expression increases during hypoglycemia and hypoinsulinemia, 21 which could lead to increase brain Glc uptake in KD rats during [1-13 C]Glc infusion.
After [1-13 C]Glc infusion, SEnr at Ala C3 and Lac C3 was higher in the KD compared with the CT group (Table 2) . This difference may be partially explained by the SEnr of the precursor, Glc C1, which was higher both in the plasma (data not shown) and in the brain of KD rats. Indeed, in the present study, brain Glc C1 SEnr was proportional to plasma Glc after [1-13 C]Glc infusion. Higher plasma Figure 3 . Typical 13 C-NMR spectra of whole brain perchloric acid extracts from rats on the ketogenic diet (KD) infused with either [1-13 C]Glc (spectrum B) or [2,4-13 C 2 ]β-HB (spectrum A). These spectra were used to determine brain glutamate (Glu) and glutamine (Gln) C2, C3, and C4 13 C enrichments. Spectra were normalized to the protein contents using the ethylene glycol peak (EG; external reference). . Fumarate (disodium salt) was used as an external reference to calibrate the spectra (singlet at 6.5 ppm, outside the window).
Glc in response to [1-13 C] Glc infusion in KD rats was previously reported 23 and may be related to lower plasma insulin in these rats. However, there was a 15% increase in brain Glc C1 SEnr in KD compared with CT rats, whereas Lac C3 SEnr showed a 32% increase. Therefore, the higher SEnr at Lac C3 could potentially also be due to an increase in glycolysis. From these SEnrs, it can be estimated that 65.8% of labeled brain Lac was derived from [1-13 C] Glc in the CT group (Glc C1 enriched at 47.3% can give rise to a maximum of 23.7% (47.3/2) of enriched Lac C3). However, in the KD group, 86.9% of labeled Lac in the brain was derived from [1-13 C]Glc, suggesting that brain glycolysis was enhanced on the KD. In the present study, rats were euthanized with focused microwaves, which is the only technique that prevents postmortem Lac production by the brain. 16 Therefore, Lac reported here (labeled or not) was derived strictly from premortem brain aerobic glycolysis, a phenomenon occurring predominantly in astrocytes. 16, 24 Higher aerobic glycolytic flux in the KD group agrees with previous reports showing that glycolytic enzymes are upregulated in the hippocampus of rats on a KD for 3 weeks. 25 Our results indicate that this increase is a relatively early phenomenon after starting the KD. Glc conversion to Lac was also shown to increase during starvation in rats, 26 a ketogenic situation metabolically analogous to the KD. Although brain uptake of 18 F-fluorodeoxyglucose was previously shown to be higher in KD rats, 5, 12 in our study, CT and KD rats had similar brain 13 C enrichments of Glu C4, Gln C4, GABA C2, and Asp C3 after [1-13 C]Glc infusion. This implies that the KD may modify brain Glc uptake but appears to have little or no effect on the capacity of the brain to use Glc for amino-acid synthesis. This distinction between brain Glc uptake and metabolism is compatible with the fact that the entry of Glc into the brain is not the limiting step in its utilization. 27, 28 Our results differ somewhat from a study reporting lower 13 C enrichment in brain Glu in ketotic mice infused with 13 C-Glc. 19 However, in this latter study, the experimental conditions were quite different from the present 13 C-NMR work, since Yudkoff et al. analyzed samples obtained 30 minutes after intraperitoneal administration of 13 C-Glc in mice under a KD for 4 days without previous fasting. It must be noted that 13 C-NMR spectroscopy is a low-sensitive technique, which needs high amount of 13 C-labeled substrate to follow carbon metabolism. We chose [1-13 C]Glc and [2,4-13 C 2 ]β-HB concentrations that are commonly used in 13 C-NMR studies.
In the present study, the relative enrichment of Gln C2/C3 after [1-13 C]Glc infusion was~1.2, reflecting PC activity, which is present only in astrocytes. 29 Astrocyte PC activity is responsible for the higher 13 C labeling of Gln C2 than C3 when [1-13 C]Glc is the substrate. Indeed in astrocytes after [1-13 C]Glc infusion, 13 C labeling of oxaloacetate C3 generated from 13 C-labeled pyruvate through the anaplerotic pathway leads to the synthesis of α-ketoglutarate (α-KG) 13 C-labeled on C2 (Figure 2) . Therefore, the labeled Gln synthesized from α-KG via Glu has higher 13 C enrichment at C2 than at C3. On the contrary, the relative enrichment of Glu C2/C3 after [1-13 C]Glc infusion was o1, reflecting the absence of PC activity in neurons, which have the biggest pool of Glu in the brain. No difference in Gln C2/C3 relative enrichment was found between CT and KD rats, indicating no detectable effect of the KD on PC activity. Higher apparent PC activity in rats on a KD was however observed by Melo et al., 23 but in that study, the rats were on the KD for 21 days compared with 7 days in the present work. These disparities suggest that care must be taken when comparing different studies since the level and duration of ketosis and the dietary status (fed or fasted) may influence the adaptive metabolic changes.
Brain β-Hydroxybutyrate Metabolism Compared with CT rats, KD rats infused with [2,4-13 C 2 ]β-HB had higher SEnr in all brain AAs measured (Table 2) . At 29.8%, the SEnr in Glu C4 was the highest and very similar to the 27% reported elsewhere for a similar study design. 9 Higher brain AA SEnr in KD compared with CT rats indicates that the 7-day KD probably led to metabolic adaptation such that KB are used more efficiently as both a brain fuel and an anabolic substrate. Three to four weeks on a KD upregulate expression of genes in the hippocampus linked to mitochondrial metabolic pathways, 30 including mitochondrial biogenesis, 25 long-chain acyl CoA synthase 2, and several subunits of mitochondrial ATP synthase, which is essential for β-oxidation (R-COOH+ATP+CoA-SH → R-CO-S-CoA+AMP +PPi).
Since Glu is in rapid equilibrium with α-KG, the incorporation of 13 C into different carbon positions of Glu (and Gln thereafter) essentially reflects 13 C enrichment in α-KG, and thus gives information on TCA cycle activity and oxidative metabolism. 31 In the present study, Glu homonuclear couplings were increased after [2,4-13 C 2 ]β-HB infusion in the KD group compared with the CT group ( Figure 5 ). This homonuclear coupling (multiplets instead of a singlet) appears when 13 C enrichment is on several neighboring carbons and indicates that the 13 C-enriched Glu was produced after several turns of the TCA cycle, leading to the 13 C enrichment of C 4, 2, and 3. Greater homonuclear coupling (higher satellite peaks) means that more Glu is turning into the TCA cycle, so our results show that the KD increases TCA cycle activity compared with the CT. No such difference was observed after [1-13 C]Glc infusion (data not shown), indicating once again that the KD increased the efficiency of [2,4-13 C 2 ]β-HB utilization for the brain's oxidative metabolic needs.
Comparison of Brain Glucose and β-Hydroxybutyrate Metabolism Higher 13 C enrichments in brain metabolites ( 19 that KB reduce Asp production and favor Glu and GABA synthesis. The Glu C4/Gln C4 relative enrichment in our CT rats infused with [1-13 C]Glc was 3.63, a result similar to the 3.9 reported elsewhere for CT rats infused with [1-13 C]Glc. 23 This ratio was lower when [2,4-13 C 2 ]β-HB was infused (2.70), an effect also reported elsewhere. 32 This lower ratio of Glu C4/Gln C4 relative enrichment suggests either that β-HB may be a Figure 5 . Typical 13 C-NMR spectra of whole brain perchloric acid extracts from [2,4-13 C 2 ]β-HB-infused rats fed the control diet (CT; lower spectrum) or the ketogenic diet (KD; upper spectrum). Higher glutamate (Glu) and glutamine (Gln) homonuclear coupling (multiplet peaks; ↓) was observed for KD rats, which is an indication that tricarboxylic acid cycle activity was higher in the KD group.
more predominant astrocytic substrate (since Gln is mainly localized in astrocytes 32, 33 ) or, as recently shown, 34 that Glu can also be synthetized from another unlabeled carbon source (in addition to [2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]β-HB), such as glucose or astrocytic Lac, which leads to an isotopic dilution of Glu C4.
Brain γ-Amino Butyric Acid and Relationship with Liver Metabolism In [2,4-13 C 2 ]β-HB-infused rats, the ratio of brain GABA/Glu was 16% higher in the KD group than in the CT group, a result supporting the hypothesis that the anticonvulsant effect of the KD may be due at least in part to higher brain GABA, an inhibitory Figure 6 . Proposed adaptation of liver and brain metabolisms to a ketogenic diet (KD). (A) On a control diet, glucose (Glc) is used as the main energy substrate for the brain and γ-aminobutyric acid (GABA) is synthetized from glutamate (Glu). In the liver, acetyl-CoA (Ac-CoA) is synthetized from both Glc and free fatty acids (FFAs). (B) On a KD diet, increased plasma FFAs are converted into Ac-CoA in the liver. Ac-CoA is thus mainly produced from FFA, decreasing the use of all other substrates to provide Ac-CoA. α-KG, α-ketoglutarate; α-KetoIsoC, α-ketoisocaproic acid; β-HB, β-hydroxybutyrate; AA, amino acids; AcetoAc, acetoacetate; AcetoAc-CoA, acetoacetyl-CoA; BCAA, branched chain amino acids; Gln, glutamine; KB, ketone bodies.
neurotransmitter, 33, 35, 36 compared with Glu, which is an excitatory neurotransmitter. A previous in vitro study showing that the addition of AcetoAc or β-HB protected neurons in culture against Glu cytotoxicity 37 supports our present results.
We show here for the first time that, within 7 days, the KD had increased ketogenic BCAAs in the liver (Figure 4 ) and brain, especially Leu and ILeu. The nature of the infused substrates had no significant impact on this observation. Branched-chain amino acids are transaminated by BCAA aminotransferase to produce branched-chain alpha-keto acids, which are catalyzed by alphaketo acids dehydrogenase to form Ac-CoA and succinyl-CoA. The increase in liver BCAA exclusively on the KD could in part be the result of metabolic competition between BCAA and FFA, which are also important ketogenic precursors. Based on our present data and on results from the Yudkoff's group, we propose that the KD induces certain metabolic modifications ( Figure 6 ). The KD increases the influx of FFA into the liver, which may to some extent impede the catabolism of BCAA ( Figure 6 ), hence increasing the liver BCAA content. However, unlike in humans, BCAA aminotransferase activity is low to undetectable in rat liver. 38 Therefore, this metabolic competition probably occurs in other organs, where BCAA aminotransferase activity is present, leading to a general decrease in BCAA catabolism and higher BCAA in organs and blood. Higher plasma BCAA (nearing 800 nmol/L) has been reported in children with epilepsy on the KD. 39 Higher liver BCAA may also be due to lower insulinemia in KD rats and therefore lower protein synthesis ( Figure 6B ). Since BCAA cross the blood-brain barrier (a phenomenon accompanied by counter-transport of Gln leading to an efflux of Gln from the brain 40 ), they may contribute to the improved control of seizures while on the KD. 39 Branched-chain amino acid may be carriers of ammonia nitrogen between neurons and astrocytes and precursors for GABA synthesis in GABAergic neurons. 41 Indeed, the administration of 15 N-Leu to KD mice leads to 15 N-labeled GABA. 35 A pilot study showed the effectiveness of BCAA as an adjunct therapy to the KD in children with refractory epilepsy, 42 thereby strengthening our hypothesis that higher BCAA on the KD may raise brain GABA. In the present study, the increase in brain Gln content relative to N-acetylaspartate in KD rats supports this interpretation and may in part arise due to the competition between Leu and Gln as precursors for Glu ( Figure 6B ).
CONCLUSIONS
We show that a 7-day KD leads to relatively rapid metabolic remodeling in the brain during which KB are metabolized more efficiently. Branched-chain amino acids may be directly involved in increasing the ratio of GABA/Glu in brain, so ketones are not necessarily the only mediators of the neuroprotective effect of the KD.
DISCLOSURE/CONFLICT OF INTEREST
